Summary of Research
.
At that time, NASA Langley was investigating the propulsion concept of an advanced ducted fan, with a large diameter housed inside a relatively short duct. Fan diameters in excess of ten feet were proposed. The lengths of both the inlet and exhaust portions of the duct were to be short, probably less than half the fan diameter. The nacelle itself would be relatively thin-walled for reasons of aerodynamic efficiency. The blade-passage frequency was expected to be less than 1 kHz, and very likely in the 200 to 300 Hz range. Because of the design constraints of a short duct, a thin nacelle, and long acoustic wavelengths, the application of effective liner technology would be especially challenging.
One of the needs of the NASA Langley program was the capability to accurately and efficiently predict the behavior of the acoustic liner. The traditional point impedance method was not an adequate model for proposed liner designs. The method was too restrictive to represent bulk reacting liners and to allow for the characterization of many possible innovative liner concepts.
In the research effort at Duke, an alternative method, initially developed to handle bulk reacting layers as described in Reference [2] , was extended to apply to a broad range of liner types. This method included the effect of local gradients along the liner surface, and was particularly appropriate for situations with flow over the liner and grazing incidence acoustic fields. In order to utilize time domain computational methods to solve for the propfan acoustic field, corresponding liner boundary conditions were developed for time domain solutions rather than frequency domain solutions.
Liner Modeling:
The traditional way to model acoustic liners assumes the surface is point-reacting i __j],, 2
The governing equation for pressure in the porous media can then be written as:
In terms of the effective varlables, the momentum equation is given by: iCoPe = --Vp.
At normal incidence, the impedance, i.e. the ratio of complex pressure to complex velocity, at the surface of the porous material is (5)
where 0i is the incidence angle from the normal to the surface, H is the thickness of the porous layer of material, and w is the particle velocity in the direction of the normal, as shown in Figure 1 . For incidence angles other than normal incidence, the impedance is zp, where zp is defined below:
The wavenumber component kz is found from the dispersion relation: . .: .i; 
Liner of Infinite Thickness
Consider a porous layer of infinite thickness, such that H ---) _, the impedance in this case becomes:
For large flow resistance (_), the ratio _ >> 1 then, ppco
Defining the pressure at the surface, Ps, and the particle velocity at the surface, ws as Ps = p(z = 0) and w_ = w(z = 0), an approximate equation for p_ can be written as: 
can be rewritten in terms of the surface Laplacian:
or in general:
Thin Layer
Now consider instead a thin layer, such that ]-_eHI << 1. The norrnal impedance is approximately:
For a thin layer the acoustic wavelength is assumed to be much greater than the thickness of the porous layer (H). In this limit, an equation
for the surface pressure becomes:
which is the "thin layer" version of Equation (13). Once again a general equation can be written in terms of the surface Laplacian:
Of course, the B(co) are different functions in the two cases.
In Figures 2 through 4, sound absorption coefficients for different incidence -angles are plotted versus nondimensional frequency. The_sound absorption coefficients have been computed using the exact result (Eqn. 9), the thin layer result (Eqn. 17), and using the normal incidence impedance boundary condition instead of the bulk-reaction boundary condition.
Results are shown for different angles of incidence, 45°(moderate incidence) and 80°(grazing incidence) and for different porous materials. However, as the flow resistance decreases, the errors resulting from the normal incidence assumption increase to unacceptable values. Obviously this is due to increased communication within the liner (i.e., not a point-reacting material). 
...... ,MPEDANCE B.c. 
In general, this can be written as:
Expressing this result using the surface Laplacian:
In Figures 5 through 8 results are shown comparing the "impedance" (i.e., the ratio of ps to ws) for the different levels of approximation. Figures 5 and 6 show the real part and the imaginary part, respectively, over the entire dimensionless frequency range.
In Figures 7 and 8 Re hnped for phi = 10 Absorp. phi = 10 For a duct of height h, solution of the wave equation in the duct and application of the momentum equation result in an expression for the surface impedance:
However, the surface impedance from the above boundary condition derivation is:
in terms of the Bulk Reaction Coefficients, Be and B4. As explained in Reference This approach was similar to using a convolution or a superposition integral. The impulse response function itself forms a Fourier transform pair with a quantity involving the frequency domain boundary response function, essentially the boundary condition of the general form described by Equation (21). The derivation of a time domain boundary condition follows:
Convert from frequency to time domain by Fourier Transforms
In the frequency domain, the boundary condition can be written as:
zn zn p'
Applying the inverse transform to Equation (23):
Similarly, the surface Laplacian operators operating on the surface pressure can be transformed:
v (x, o0:fv, p,
The Fourier transform of the time-dependent pressure is:
Using Equations (25) through (27) in Equation (24) yields:
where the Impulse Response Functions are given by the terms in square brackets.
Defining the Impulse Response Functions as, I0, I2, [4:
Equation
(28) can be re-written in terms of the Impulse Response Functions:
where, s = (t -Z ).
The impulsive pressure at the surface is given by (as shown in Figure 13 ):
The integrals in Equation (32) can be evaluated using contour integration (see Figure 14) .
Ps(X,y,t)
= P(x,y)8(t--_)
lilIlIi i
w_(x, y, t) Figure 13 . Sketch of impulsive pressure applied to surface of liner of thickness H. The first two integrals corresponding to the impulse response functions evaluate to: In Figure 16 , I2 is shown. 
